Abstract. The 3 GHz linac section designed for the low energy (7-65 MeV) part of TOP (Therapy Oncological Protons) linac consists of eight modules of the structure SCDTL (Side Coupled Drift Tube Linac). The non axisymmetric cavities required a full 3D modelling. Electromagnetic calculations carried out by using MAFIA code gave the full mode spectrum, power losses, the coupling coefficients distribution and some indications for the tuning procedure. This paper reports a comparison between the results of this study and some RF measurements on the first module (7-13.4 MeV).
Introduction
The TOP (Therapy Oncological Protons) linac [1, 2] is designed to accelerate protons up to 200 MeV. It is composed of three sections: an injector up to 7 MeV, a first 3 GHz booster up to 65 MeV and a second 3 GHz booster up to the final energy. The medium energy section is a linear accelerator that uses the SCDTL (Side Coupled Drift Tube Linac) accelerating structure [2] that was chosen for its large shunt impedance in the proton energy range 7-65 MeV. The final booster from 65 to 200 MeV is a linear accelerator that uses the SCL (Side Coupled cavity Linac) structure, the typical structure developed at Los Alamos in the 70 s for the 805 MHz LANSCE linac and now widely used at 3 GHz for the standard radiotherapy electron linacs.
The medium energy linac is composed of 8 SCDTL modules of similar length (1.4 m about). This study concerns mostly the first one ( Fig. 1) , that is under construction. A careful investigation of the behaviour of this first module is very important for a correct design of all the others. The numerical analysis is carried on while the module, already built, but not brazed, is under pre-final tuning. Therefore this status does not prevent the possibility of applying in itinere some minor changes to the structure, in order to facilitate the tuning execution.
The SCDTL structure, although it was derived by standard concepts, nevertheless it contains so many changes to be used for protons and to be run at so high frequency that is a real new structure that needs a very careful and deep analysis. In particular the internal shape of the tanks, that will be described in the next chapter, a e-mail: ronsival@frascati.enea.it changes from tank to tank, making difficult a simple theory of the total structure.
Structure description
The SCDTL structure consists of short DTL (Drift Tube Linac) tanks (Figs. 2, 3 ) coupled together by a side cavity in an arrangement like a Side Coupled structure (SCL). Any tank is coupled to a coupling cavity through an elliptical hole whose size determines the coupling amount, expressed by a parameter named coupling coefficient, k. Typical values of k are in the range of some percent. The system of n + 1 tanks and n coupling cavities oscillates in 2n + 1 different structure modes whose frequencies are confined within a passband limited by the frequencies of the modes 0 and π (where 0 and π are the phase shifts between cavities in the array). The bandwidth is given at first approximation by k · ω, where ω is the common frequency of the fundamental mode TM010 of the tanks and of the coupling cavities. In the operation mode named π/2 the phase shift between adjacent cavities is π/2 so that tanks operate in phase opposition, and coupling cavities have zero field being excited with opposite fields by the neighbouring tanks.
The main differences between a standard SCL and the SCDTL structure are that the SCL single cavities are substituted by short Alvarez tanks, having each a number of βλ long cells (where β is the proton velocity and λ the vacuum wavelength at the operating frequency), and that the side cavity extends in a space left free on the axis for the accommodation of a very short (3 cm long, 2 cm o.d., 6 mm i. for transverse focusing. The distance between them is set equal to an odd-integer multiple of βλ/2.
The first module, designed for a 13.4 MeV output energy, is 1.4 m long and consists of 11 DTL tanks and 10 coupling cavities. Each tank is composed of 5 cells and 4 drift tubes. Two stems 180
• degrees apart support each drift tube. The beam bore hole radius is 2 mm and the tank length in the module varies from 62 mm to 82.4 mm.
The major part of the structure design has been done using the fast and effective 2-D code SUPERFISH [3] . The main tank geometric parameters (cavity diameter ad drift tube dimensions) were optimised in order to have, at the working frequency, and with some constraints coming from the construction needs, for example on the coupling holes, the highest shunt impedance (that is the lowest ohmic power loss for the same energy gain). The drift tube edges were rounded to keep also the surface electric field at the lowest level for the same average cavity energy gain (this value is often referred to the Kilpatrick value of the electric field; the ratio to this one, the Kilpatrick factor was held within 1.35 all through the first module) to avoid breakdowns during linac operation [4] . Since the structure is not axisymmetric the use of a 3D code MAFIA 3D [5] was necessary for a more complete analysis. The code was run in frequency domain for the solution of the eigenvalue problem. It allowed to investigate the characteristics of the SCDTL structure in terms of analysis in frequency for single DTL tanks and for any pair of neighbouring DTL tanks (coupled by a coupling cavity) among the SCDTL module to check frequency changes induced by the coupling. The low mesh size needed to obtain good frequency values prevented, however, the simulation of more than two tanks. The 3D code was also a very valuable tool to investigate and understanding the coupling coefficient dependency on the geometry differences throughout the module and the sensitivity of electric fields distribution to coupling coefficient errors.
Single DTL tanks study
MAFIA calculations for the single closed DTL tanks were performed since the beginning of the study. Previous calculations are described in [6] where it was demonstrated that below the TM 010 mode, the fundamental one used for acceleration and fixed at 3000 MHz, the stem system (four stems) introduces other four modes associated with the transverse stem resonances (so called TS, Transverse Stem modes).
The higher frequency resonances in general originate from the cylindrical cavity passband, although perturbed by drift tubes and stems. Some resonances could not be recognised according to the standard classification of the unloaded cylindrical cavity, because of the strong coupling to the stem system.
The analysis described in [6] was continued with a deeper look to the modes close to the acceleration mode, and that could interact with it, in the sense that the electric field distribution, on the cavity axis, that is responsible of the beam acceleration, being a superposition of the patterns of the excited modes is more sensitive to construction errors.
In particular the following modes were carefully analysed: TE 111 , TM 011 ,TE 112 , TM 012 , TM 110 . In the first four cases the frequency results strongly dependent on the structure length. Since the tank length increase along the linac structure, the frequency of these modes approaches to the operating mode frequency as the proton energy increases.
This behaviour is shown in Figure 4 , where the frequency difference between the higher order mode and the fundamental mode TM 010 is plotted versus the proton velocity, that is the tank number along the module. The asymmetry due to the presence of the stems remove the degeneracy of the dipolar modes, producing couples of orthogonally polarised modes. The nearest to the operating mode are the TE 111 's (split in TE 111 -pe and TE 111 -pa, where -pe stays for perpendicular, and -pa stays for parallel to stems direction) derived from the TE 111 unperturbed and the TM 011 mode. In Figures 5, 6 , 7, 8 the patterns of some of these modes are shown. Arrow lengths are proportional to the field intensity. Although the plots refer to the Tank 1, the pattern is the same for any tank.
We also observed the field configuration of the deflecting mode TM 110 which is analogous to the cylindrical cavity one. Also for this mode the degeneracy between the horizontal and vertical polarised modes is removed by the stems system and the two modes operate at the frequencies 6350 MHz and 6480 MHz giving no effect for linac operation since they are far enough far from the operating frequency they do not depend from the cavities length. As a summary, only the TE 111 -pe mode gives rise to some concern for the final design.
The second effect investigated was the losses distribution that has to be taken into account for the cooling system. A detailed study of the power losses was done in order to evidence where the hot spots are. We found that the hot spots are in proximity of the point in which the drift tube is attached to the stem where the power density reaches its maximum value as it shown in Figures 9. The largest value calculated for an average field E o of 1 MV/m is 12 watt/cm 2 and the average power density on the stem is 10 W/cm 2 . The stem is 5 mm thick and 24 mm long so the dissipation on each stem results of 38 W, that for an operating average electric field of 11.3 MV/m corresponds to about 5 kW (10 W at a maximum duty cycle of 0.2%). These data were used to design cooling channels in each stem so to obtain a temperature stabilisation within 0.2
• C with P = 10 W. 
Coupled DTL tanks study
To understand how the coupling cavity modify the DTL tank modes, and evaluate the effect on the electric accelerating field, a complete modelling of the SCDTL module should be needed. However, this required a large number of mesh points that exceed the capability of the computing system (300 000). This is because the geometry of the tanks include very detailed parts like stems, drift tubes and gaps between them that, to be modelled require a fine mesh, if one wants to know the modes frequencies with a reasonable accuracy. As a consequence "triplets" were studied, where a triplet stays for two tanks coupled by a coupling cavity. This unit is recognized as the minimum unit that gives exact information on the coupling.
The first and the last triplet of the module were more frequently analysed, to compare the results for the shortest and the longest cavities.
The results of the frequency analysis is reported in Figure 10 where the first 20 modes found in the first and last triplet are shown. The first eight modes of each triplet are the stem modes of the two accelerating tanks: they are four for the first cavity and four for the second one. After the three structure modes appear, 0, π/2 and π. The two immediately following modes are TM 011 modes of the coupling cavity. Then the TE 111 modes of the two DTL tanks follow.
This analysis shows that the TE 111 modes have almost the same frequency of the uncoupled DTL tanks. They are still close to the structure band, now enlarged due to the coupling, especially for the longer tanks, but, in the coupled case, the closest mode is the TM 011 mode of the coupling cavities and, in particular, the coupling cavity number 10 (C 10 ) one.
The frequency of the TM 011 mode of all coupling cavities in the SCDTL module as it was computed by SUPERFISH (closed axisymmetric cavity) was compared with MAFIA results (the coupling holes are taken into account) and with measurements. In Figure 11 , the frequency difference between this mode and the working mode (3000 MHz) is plotted: it can be seen that the measured values are in good agreement with MAFIA results.
The field distribution of the TM 011 mode is indeed very similar to the one that is created inside any coupling cavity by the structure mode π/2. In TM 011 mode the electric field on the cavity axis vanishes in the cavity centre and shows opposite signs near the two noses. The same pattern applies to the residual field of the fundamental mode TM 010 when it is excited by the opposite fields generated by the neighbouring tanks, as it happens in the structure mode π/2. Indeed the exciting fields on each of the two elliptical holes, due to the neighbouring tanks, have opposite sign so that the electric longitudinal field vanishes on the axis at the coupling cavity centre and reverses its polarity near the noses. This similarity of the pattern of the residual excitation of the cavity in the fundamental mode and of the TM 011 mode, the closeness of their frequencies gives the possibility of strong dangerous interaction of TM 011 with the structure modes, as it is described later.
MAFIA code was also used to compute the distribution of coupling coefficients along the structure (Fig. 12) : simulations of all the tanks of the module grouped in triplets gave a variation of the coupling coefficients values from 3.8% to 3.3% in a way that is about inversely proportional to the square root of the tanks volumes as expected.
The effect of coupling coefficients errors on electric field distribution was also analysed. In particular, the effect of an asymmetry of noses length in the coupling cavity was investigated.
It is known that any asymmetry in the coupling cavity directly causes a variation of the ratio of the coupling coefficients k to the adjacent tanks, to which a unbalancing of the axial electric fields is associated, being these inversely proportional to the k values.
We observed that this effect depends also from the cavities length. The same asymmetry, ±0.3 mm was given to the nose length of the cavities C 1 and C 10 and the two relative triplets (T 1 -C 1 -T 2 and T 10 -C 10 -T 11 ) were modelled by MAFIA (Fig. 13) . The corresponding electric field asymmetry in the tanks T 1 vs. T 2 and T 10 vs. T 11 were respectively 1.1 and 1.4. This difference, that in some sense seems strange because C 10 has a larger volume than C 1 and the same absolute asymmetry should weight less in C 10 than in C 1 , can be explained with the closeness of the TM 011 mode frequency to the operating frequency, tighter in C 10 than in C 1 . This makes the last triplet, and therefore the last part of the module more sensitive to perturbations.
Measurement of electric field distribution
The axial electric field was measured by the bead pull method consisting in perturbing the cavity by a small metallic object that scans the whole linac axis, and recording, with a network analyzer, the frequency shift induced thereby. This standard method is based on the Slater theorem [7] connecting the frequency shift to the squared amplitude of the electric field in the object position. The dynamics calculations impose some constraints on the fields in the gaps. The average electric field has to be the same in each tank throughout the linac. Equal average electric field, however does not imply equal maximum values of the axial electric field distribution, because of the different dimensions of the cells in the various tanks. From tank 1 to tank 11 the tank length increases and the gap increases correspondingly but with different form factors, and because the tanks have all the same inner diameter and the coupling holes have the same size this corresponds to a slightly increasing peak axial electric field from the tank 1 to the tank 11 averaged among the five cells in each tank. The tolerances are set by the dynamics calculations so that the allowable average field inter-tank (tank to tank) error is ±3% while the field intra-tank (gap to gap in the same tank) error is wider, ±5%.
According to the method outlined in the previous paragraph, the field in each tank was corrected by introducing an asymmetry of few tenths of a millimetre in the coupling cavities nose lengths: increasing one and reducing the other so that the frequency remains unchanged, reflects in different coupling coefficients and consequently field levels in the neighbouring tanks. The frequency tuning of the structure is slightly affected, but can be reset by minor changes that, in turn do not affect the field distribution (Fig. 14) . This led to a field distribution within the specified tolerances in the π/2 mode as it is shown in Figure 15 where the theoretical best electric field maxima distribution in the gaps along the whole module is compared to the measured maxima and the measured average tank field is shown to be confined in a ±2% range around the theoretical best average tank field.
Conclusions
Numerical calculations and RF cold measurements gave a complete description of RF properties of high frequency SCDTL structures. Particular tuning techniques were developed to take into account the peculiar characteristics of this type of RF structures.
